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DNA nanotechnology gets real
Recent research shows that artificial DNA constructs can self-assemble fast 
and efficiently and adopt the precise three-dimensional structures they were 
designed for. Functional units produced include hotspots for single-molecule 
fluorescence studies and a nanopore mimicking the shape of the a-haemolysin 
pore. Michael Gross reports. Piercing prospects: The first synthetic ion channel made from DNA adopts the overall shape of 
a-haemolysin, but has different chemical properties. As the DNA itself exposes no hydrophobic 
sites to the membrane interior, it requires cholesterol molecules (symbolised by oval orange 
shapes) to anchor itself to the membrane. (Image: with permission from Langecker et al., 
Science (2012) 338, 932.)In the beginning there was the cube. 
Nadrian Seeman and coworkers at 
New York University set out in the 
early 1990s to construct a nanometre 
scale cube from DNA. The idea 
was to use the highly sophisticated 
methods of molecular biology to build 
DNA into something new and entirely 
artificial. Linking DNA fragments 
together by means of hybridisation 
of overlapping ends followed by 
ligation, Seeman’s group could create 
a DNA object that definitely had the 
topology of a cube, even though a 
high-resolution structure of it wasn’t 
available at the time. Other geometric 
shapes followed in an endeavour that 
at that stage still appeared a playful 
variation on the theme of molecular 
biology. 
More than a decade later, Paul 
Rothemund from CalTech introduced 
a different approach, which today is 
a widely used standard and known 
as DNA origami. Rather than ligating 
fragments, this approach relies on 
hybridisation of ready-made parts 
alone. Typically the core structure 
of the object to be constructed is 
defined by one large strand of DNA 
(the scaffold strand), designed by 
specialised algorithms to ensure 
that it folds into the desired shape. 
This shape is held together by 
hybridisation with shorter DNA 
strands, known as staple strands. 
Rothemund’s original demonstration 
of the origami technique produced 
two-dimensional patterns on a 
flat support, such as nanoscale 
smileys. However, the approach was 
soon expanded to the production 
of three-dimensional objects and 
functional entities. Recent years have 
brought reports of DNA walkers, 
assembly lines, cranes, and more. 
Simultaneously, the use of DNA 
aptamers — DNA sequences selected 
for their antibody-like molecular 
recognition abilities — also showed 
great promise, for instance in bio-
electronic sensors. Structural insights
While transmission electron 
microscopy (TEM) and atomic force 
microscopy confirmed that the 
designed DNA objects generally 
adopted the anticipated shapes, there 
was no high-resolution structure of 
any such object. 
In order to validate the connection 
between the in silico design of 
large DNA objects and the physical 
shape they actually adopt after 
self-assembly, the groups of Hendrik 
Dietz at the Technical University of 
Munich and Sjors Scheres at the MRC 
Laboratory of Molecular Biology at 
Cambridge, UK, designed a complex 
DNA object, with almost twice 
the mass of a bacterial ribosome, 
specifically for the task of structure determination (Proc. Natl. Acad. Sci. 
USA (2012) 109, 20012–20017). 
The researchers set out to solve the 
structure by cryo-electron microscopy 
(cryo-EM), which uses averaging of 
images taken of structural identical 
copies of the same molecular entity. 
As the particles may rest on the 
support in different orientations 
and are thus viewed from different 
angles, the researchers designed 
their overall shape with a high degree 
of asymmetry, such that they could 
easily identify their orientation from all 
sides. 
Fitting the known DNA sequence 
into the shape determined by cryo-
EM, the researchers could produce 
the first atomically detailed structure 
of a large three-dimensional DNA 
object. Detailed analyses of the 
resulting structure revealed some 
structural features that had not been 
demonstrated before, including a 
stack of five Holliday junctions, which 
presumably can only remain stable in 
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Building material: The simple rules of base-pairing by DNA mean that three-dimensional struc-
tures can be designed in silico and readily assembled in ‘one-pot’ reactions. (Image: Oliver 
Burston, Wellcome Images.)the highly rigid environment of such a 
large DNA construct. 
The researchers also observed subtle 
deviations from the design geometry, 
such as slight twists between pairs 
of helices previously assumed to be 
straight and parallel. Continuing the 
dialogue between structure design and 
verification by structural analysis, the 
authors conclude, should give access 
to hitherto “unexplored design options 
for creating richer, more complex, but 
also more precise objects.” 
Towards mass production
Self-assembly of large DNA objects 
following the origami approach is 
simple insofar as it can be carried out 
as a ‘one-pot’ reaction. However, it 
can still be time-consuming, as the 
components are typically mixed at 
a relatively high temperature, where 
all secondary structure dissolves, 
and then cooled down very slowly, 
allowing the molecules to explore the 
thermodynamically most favourable 
structures without getting trapped in 
unwanted interactions. 
Analysing this process in detail 
for a whole range of different DNA 
objects with 19 different designs, 
Dietz’s group at Munich found that 
the folding of the DNA occurs in a 
very narrow temperature range for 
each design, but that the transition 
temperature depends on the nature of 
the designed object (Science (2012) 
388, 1458–1461). 
After identifying the transition 
temperature for a given design, they were able to speed up the production 
process by starting just above that 
temperature and finishing just below it. 
Further optimisation even enabled them
to conduct the entire self-assembly 
at a constant temperature, preceded 
only by a short ‘heat shock’ which they 
think is required to dissolve any non-
native secondary structure in the long 
scaffold strand. With this protocol, the 
researchers achieved the production of 
the desired construct in yields close to 
100% in times under one hour, or 100 
times faster than by previously used 
methods. This, the researchers say, 
will also open the access to mass-
produced DNA objects of a wide range 
of structure and functions.  
To their surprise, they also found 
that the physical parameters of the 
DNA folding process were more 
similar to those of protein folding than 
they had anticipated. For instance, 
their detailed analysis revealed an 
intermediate state similar to the 
molten globule in protein folding.  
The researchers conclude that 
experiments with designed DNA 
molecules might help to address long-
standing problems in protein folding.  
Kevin Plaxco from the University 
of California at Santa Barbara agrees 
that it would be a good idea to look at 
the parallels between the two fields. 
“DNA is, in some regards, much 
more accessible to experimentation 
than proteins are. For example, we 
can design DNA sequences that do 
all sorts of things that we can’t yet 
design proteins to do,” he comments. DNA nanopores
Fundamental folding studies 
aside, the progress in making DNA 
nanotechnology a fast and efficient 
way of producing a clearly defined 
nanostructure raises the stakes for 
the production of functional DNA 
constructs and the development of 
real-life applications based on them. 
Dietz’s group has worked together 
with Friedrich Simmel’s team, also at 
the Technical University of Munich, 
to create the largest functional DNA 
machine so far, namely an ion channel 
(Science (2012) 338, 932–936). As a 
model, they used the a-haemolysin 
pore, which has also served the 
development of nanopores for single-
molecule DNA sequencing.   
Using the DNA origami approach, 
the teams at Munich built their 
artificial pore from two parts. The 
inner tube, consisting of six DNA 
double helices packed with hexagonal 
symmetry around a central channel of 
around two nanometres, is designed 
to pierce through the lipid bilayer. On 
the outer side of the membrane, this 
core stalk is shielded by a wider barrel 
of DNA, anchored in the membrane by 
means of 26 molecules of cholesterol. 
Having produced this complex by 
self-assembly, the researchers used 
electron microscopy to show that it 
adopts the desired shape and indeed 
inserts itself into membranes. Unlike 
protein pores such as a-haemolysin, 
however, the transmembrane part 
of the DNA pore is hydrophilic at its 
membrane-exposed surface. The 
researchers assume, therefore, that 
the membrane seals itself up against 
the DNA by turning hydrophilic 
headgroups towards the DNA. The 
cholesterol anchors are thus necessary 
to replace the hydrophobic interactions 
that would normally be provided 
by hydrophobic amino acids in the 
transmembrane part of a protein pore. 
To analyse the performance 
of the artificial pore as an ion 
channel, the researchers conducted 
electrophysiological experiments as 
one would with natural ion channels. 
They found conductance in the range 
to be expected given the dimensions 
of the pore. They also discovered 
hints of gating behaviour, meaning 
that the channel can close and open 
again. Based on the hypothesis that 
closing may be caused by stochastic 
unzipping of individual DNA strands 
on the inside of the channel, the teams 
modified the design by adding a loose 
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All smiles: The first demonstration of the DNA origami principle by Paul Rothemund involved 
two-dimensional DNA patterns deposited on a flat surface, such as these smileys. The ap-
proach was soon expanded to three-dimensional architecture and functional entities. (Image: 
courtesy of Paul W.K. Rothemund.)DNA strand on the inside. This ‘mutant’ 
showed increased gating behaviour. 
Nanopores are currently of great 
interest for the development of 
biosensors and single-molecule 
sequencing technology. Typically, the 
protein pores found in nature don’t 
exactly fit the requirements for such 
technical applications, such that 
companies like Oxford Nanopore 
Technologies invest much of their 
research effort into tailoring the pores 
to their needs by introducing chemical 
modifications. The easy, computerised 
designability of DNA architecture may 
mean that DNA-based structures could 
become competitors in this important 
field of cutting-edge technology. 
As a proof of principle, the Munich 
teams have already shown that their 
DNA  pore can sense specific types 
of molecules, giving characteristically 
different types of current blockade 
depending on which type of molecule is 
present. In their initial experiments, the 
researchers used oligonucleotides as 
the analytes, suggesting that DNA  
sequencing may perhaps be 
among the future applications of DNA 
nanotechnology.
Shine a light
Another broad field that may benefit 
from DNA designs is nanoscale and 
single-molecule spectroscopy, which 
often benefits from the use of metal 
nanoparticles. As these nanoparticles 
can be readily modified with DNA  
attachments, they can also be connected 
to larger DNA structures by simple,  
pre-designed hybridisation events.
In March last year, the group of 
Tim Liedl at the Ludwig Maximilian 
University at Munich, together with 
those of Simmel at Munich’s TU and 
Alexander Govorov at Ohio University 
in Athens reported the use of DNA 
origami to create helical arrangements 
of gold nanoparticles winding along 
an axis made of 24 double helices 
of DNA. Due to the surface plasmon 
effect of the particles and the chirality 
of the helix, theory predicts that such 
arrangements should produce a 
pronounced circular dichroism (CD) 
signal, i.e. the same optical effect that 
biochemists often use in spectroscopic 
analysis of proteins to determine their 
secondary structure content. 
Using DNA assemblies with nine 
gold nanoparticles, each measuring 
ten nanometres across, suspended 
in isotropic fluids with pure chirality, 
Liedl and colleagues could show that these helices indeed give rise to the 
predicted CD spectra (Nature (2012) 
483, 311–314).  Even the amplitude 
of the signal comes very close to 
theoretical predictions. The CD signal 
is also predicted to become stronger 
as the particle size increases, which 
the researchers could confirm by 
depositing additional layers of gold onto
the particles already lined up on their 
DNA poles. 
Using the same approach of plating 
metal onto the already assembled 
nanoparticle helices, the researchers 
could also coat the gold particles 
in silver, which produces plasmon 
resonance at shorter wavelengths 
than gold. Accordingly, the CD spectra
showed a significant blue shift of the 
signal. Using mixtures of silver and 
gold to produce nanoparticles with 
alloy surfaces, the researchers could 
even fine-tune the signal to shift it to 
intermediate wavelengths. 
These experiments show that the 
combination of DNA architecture with 
nanoparticles and metal deposition  
 
technology can yield exquisitely detailed 
control of the spatial arrangement 
and spectroscopic properties of 
nanostructures created from the bottom 
up. These surpass the results that can 
be achieved by ‘top-down’ approaches 
that create nanostructures by carving 
them out of larger units, e.g. by 
lithographic techniques. 
In a similar approach, also attaching 
gold nanoparticles to a DNA rod, 
Guillermo Acuna and colleagues at the 
Technical University of Braunschweig, 
Germany, used plasmon resonance 
effects to enhance the fluorescence 
signals obtained from single molecules 
(Science (2012) 338, 506–510). 
These researchers anchored their 
DNA rods, consisting of 12 double 
helices with 18 additional short helices 
at the foot, to a coverslip functionalised 
with neutravidin, and therefore refer 
to them as DNA pillars. At half height 
of each pillar, they attached two gold 
nanoparticles, each rigidly held in 
place by three DNA helices, such that 
the distance between the particles 
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What turned you on to biology in 
the first place? Initially it was my big 
brother, Vincent Heyes. He was keen 
on science, five years older than me, 
and determined that if I must hang 
around with him and his friends, I’d 
better be able to keep up with the 
conversation. He also introduced me 
to the ideas in Thomas Kuhn’s The 
Structure of Scientific Revolutions. I’ve 
discovered since that some people 
see Kuhn as a relativist, suggesting 
that science doesn’t make progress. 
But the message I got from Kuhn was 
that science is not only about hard 
facts and cold intellect. It is also a 
very human activity, full of vaulting 
ambition, fierce competition and 
crushing disappointment, but also 
of warm collaboration, loyalty, and 
deep personal satisfaction. This made 
science approachable. I got the very 
appealing message that science is a 
process in which smart but essentially 
ordinary people, with all the usual 
passions and venialities, get together 
and produce something amazing — 
new knowledge of the natural world.
I chose to study psychology at 
university because, although drawn 
to biology, I thought I should do 
something vocational and had my eye 
on clinical practice. That began to go 
by the board when I attended Henry 
Plotkin’s inspiring undergraduate 
lectures on the evolution of mind and 
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Three dimensions: This solid, three-dimensional DNA object has nearly twice the size of a 
bacterial ribosome. Its irregular shape was designed specifically to facilitate detailed structural 
analysis by cryo-electron microscopy. (Image: courtesy of the Dietz Lab at TU Munich.)can be controlled precisely. In the 
experiment reported, they designed 
this distance to be 23 nm, which 
they describe as “a compromise of 
strong fluorescence enhancement and 
sufficient space for accommodation of 
a biomolecular assay.”
In the ‘hotspot’ between the two 
particles, Acuna and colleagues 
introduced a docking site for molecules 
of interest. At this site, they bound 
the dye ATTO647N for a range of 
fluorescence experiments including 
single-molecule fluorescence resonance 
energy transfer (FRET) studies. They 
could confirm that the nanoparticles 
enhance the fluorescence signals more 
than 100-fold, making single-molecule 
studies possible at micromolar 
concentrations, corresponding to 
typical biological samples. They could 
also follow the time course of binding 
and unbinding of the dye-carrying DNA 
strand. 
Outlook 
Just over two decades have passed 
since J. Chen and Nadrian Seeman first reported the assembly of geometrical 
shapes from DNA. During that time, 
top-down lithographic methods used 
at industrial scale in the manufacture 
of computers and electronic gadgets 
have continued to advance in line 
with Moore’s law and entered into the 
length scale of nanometres. Alternative 
bottom-up approaches such as 
molecular nanotechnology were left 
to academic curiosity-driven research 
and remain unlikely to conquer the 
mass market any time soon. 
However, with the recent progress 
in manufacturing DNA origami 
assemblies and controlling their 
structure at atomic scale, and with 
the powerful combination of DNA 
architecture with nanoparticle 
electronic effects, it appears more 
likely now that DNA nanotechnology 
will at least win an important role in 
specialist electronic devices for further 
research advances into the nanoworld. 
Michael Gross is a science writer based at 
Oxford. He can be contacted via his web 
page at www.michaelgross.co.uk
